ABSTRACT: Diffusional mass transport in porous materials is important for shape-selective catalysis and separation technologies. To maximize turnover and catalytic site accessibility, hierarchical materials are synthesized with length scales as small as single crystal lattices (∼2 nm, MFI). While these materials are potentially efficient catalysts, they have been shown to exhibit apparent diffusivities that are orders of magnitude slower than those in bulk crystals. To evaluate the dependence of apparent diffusivity with particle size, the kinetics and mechanism have been characterized by frequency response methods for cyclohexane mass transfer into and out of silicalite-1 particles varying in size over two orders of magnitude. Development of a new mass transport model utilizes data obtained by frequency response to characterize two sequential rate limitations: intracrystalline diffusion and asymmetric surface barriers. Activation energy associated with transport into the surface (E a,s = 20.8 kJ/mol) was observed to be significantly less than that of intracrystalline diffusion and release (E a = 53.9 kJ/mol ≈ 54.1 kJ/ mol = E a,−s ). Surface pore blockages are proposed to dominate mass transport in small zeolite particles.
INTRODUCTION
Zeolites are broadly utilized to catalyze chemical reactions to improve selectivity to desired products through well-ordered, shape-selective microporous channels. 1 For catalytic reactions in microporous materials, reactants undergo a number of sequential transient processes including adsorption, diffusion, and surface reactions.
2 For large zeolite particles, the apparent (experimentally determined) turnover frequency is limited by the rate of mass transfer because of slow diffusion in long pores. To reduce mass transfer limitations, nanoscale zeolites have been synthesized with diffusional length scales several orders of magnitude smaller than those of large, crystalline zeolite particles, 3, 4 introducing new capabilities for fast reaction and separation applications.
Within the new class of micro-and mesoporous materials, zeolites are now being synthesized with length scales approaching that of a single unit cell (pillared, 5, 6 nanosheets, 7 membranes, 8−10 etc.). These hierarchical structures build on micropores (well-ordered lattice structures, ∼2 nm) with mesopores (ordered or disordered pore networks, 2−50 nm) and macropores (interstitial particle voids, > 50 nm). For example, 3DOm-i zeolites are synthesized using a carbon template to create MFI-structured particles only 35 nm in size; close-packing produces a hierarchical structure with well-defined mesopores (6−9 nm), and the whole particle is generated at radii as large as 1 μm. 3, 4 Additionally, pentasil structures consist of MFI sheets only one or two unit cells thick, with mesopores of 3−7 nm within particle radii as large as 100 nm. 4, 11 New mesoporous zeolite structures with microcrystalline domains below 20 nm are dominated by their surfaces, making characterization and/or prediction of their physical and chemical properties difficult. Recent characterization by zero-length chromatography of cyclohexane transport in MFI-structured 3DOm-i has shown that hierarchical, mesoporous materials provide overall mass transfer faster than that of larger single crystals, 3 as expected. However, the benefit of smaller crystalline domains was not as fast as expected; shorter transport length scales did not result in predictably faster transport time scales. 4 Additional characterization by zero-length chromatography of cyclohexane transport in MFI has also shown that particle surfaces contribute significantly to the overall rate of transport as particles become smaller. 10 Apparent diffusivity determined by experiment of mesoporous zeolite materials comprises two parts (surface and bulk transport), resulting in values of apparent diffusivity that vary by as much as three orders of magnitude as particles vary in size between 20 nm and 3 μm. 12 Moving forward, it is paramount to understand transport limitations of both bulk diffusion and diffusion through the surface for design and utilization of these novel zeolitic materials.
Characterization of diffusion in porous zeolite materials requires knowledge of the characteristic length scales of particles and the type of mass transport. While bulk gas-phase diffusion (adsorbate−adsorbate interactions) in large pores is fast, mass transfer slows within mesopores as guest−host interactions occur more frequently and Knudsen diffusion dominates as diffusivity becomes a function of pore diameter at low pressures. 10, 11 As the pore diameter is further decreased comparable to the kinetic diameter of the adsorbate (guest molecule), diffusion is characterized by the configurational diffusion regime and the rate of diffusion is governed by a series of adsorption steps and molecule reorientation. 10, 11 In some cases, the existence of systems with both small mesopores and small microcrystalline domains has led to rate-controlling transport in both the micropores and mesopores. 13 This complication is avoided in this experimental study (this paper) by (a) selection of purely microporous MFI-structured zeolites (silicalite-1; pore size, 5.5− 6 Å 14 ) and (b) selection of a slow-diffusing adsorbate, cyclohexane (critical molecular diameter, 6.8 Å 14 ) , such that diffusion through the bulk of zeolites are shown to be solely configurational diffusion. 4 For these conditions, temperatureactivated diffusion coefficients obtained from experimental methods, D app , represent the rate coefficients associated with the rate-limiting elementary step of moving from one stable site to an adjacent stable site within the microporous zeolite framework. In the case of the bulk crystal, this coefficient is characteristic of the intracrystalline diffusivity (D) and is temperature-activated in accordance with the Arrhenius relationship (E a ).
While bulk mass transport in zeolites is widely studied, little is known with regard to fundamental understanding of transport at or near the surface of zeolites. 15, 16 It is understood that additional transport limitations beyond bulk particle diffusion must be considered because of internal grain boundaries and defects, 17−19 surface adsorption−desorption, 20, 21 and most recently the possibility of structural defects at the surface causing partial or total pore blockages. 12, 22, 23 The contributions of these potential secondary mass transfer limitations have been probed by several experimental techniques that have been developed to study diffusion in microporous materials. 24, 25 The techniques are classified as either equilibrium measurements (pulsed field gradient nuclear magnetic resonance (PFG-NMR), 26 tracer zerolength column (tracer-ZLC) 27 ) or transport measurements (frequency response, 28 ZLC, 12 gravimetric 29, 30 ), where the two sets of measured diffusivities are not identical. Equilibrium techniques measure the self-diffusivity (or tracer diffusivity) under equilibrium conditions, whereas transport techniques measure the transport diffusivity (or apparent diffusivity) in the presence of concentration gradients. The two values can be related by the Darken relationship, which accounts for different loadings by describing the transport diffusivity (D app ) as being proportional to the self-diffusivity (D s ) with the proportionality factor being the local slope of the adsorption isotherm. 31, 32 Despite the wide array of experimental techniques and thermodynamic correction factors, differences in observed diffusion coefficients have been reported to vary by as many as three orders of magnitude for different techniques. 15, 16 Recently, the same trend was also observed by the use of a single technique and attributed to the strong size-dependence of the apparent diffusion coefficient, leading to the conclusion that transport limitations at or near the surface (surface barriers) dominate the observed mass transport in small zeolite particles. 4, 12 In this work, we evaluate the relative contributions to mass transfer of cyclohexane in a range of silicalite-1 particle sizes using frequency response. Experimental data collected over a range of particle sizes and temperatures are compared with the existing base model for adsorbate diffusion as well as the Yasuda surface resistance model, 33 which accounts for desorption rate limitations at the surface. A new model is developed to account for the surface limitation which allows for different kinetics between uptake and release (i.e., bidirectional) of adsorbates through the surface. Deconvoluting the kinetics of bulk diffusion from the surface barrier for both uptake into the pores and release of the pores provides the first mechanistic insight (e.g., kinetic energy barriers) into the nature of MFI surface barriers. 
METHODS
Silicalite-1 particles were synthesized and characterized as described previously. 12, 34 In short, tetrapropylammonium hydroxide (TPAOH) solutions, tetraethylorthosilicate (TEOS), and water were combined and aged at 353 K for 1 day while being continuously stirred. The gel composition was set with SiO 2 = 0.25, and stoichiometric ratios of TPAOH to water of 11, 28, 100, and 400 for the 80 nm, 200 nm, 500 nm, and 1 μm samples, respectively. The gel was then heated at 443 K for 1 day, then washed and centrifuged until the supernatant pH fell below 9. The largest sample (3 μm) was synthesized by a slightly different method, 12, 35 aging tetrapropylammonium bromide (TPABr) and NaOH at 323 K for 8 days first. The gel was formed with the composition SiO 2 :0.1 TPABr:0.05 Na 2 O:4 EtOH:98 H 2 O, which was then heated in an autoclave at 408 K for 50 h before being washed thoroughly with deionized water and dried at 373 K overnight.
Particle size distributions and morphologies were determined using a Magellan 400 (FEI) or 6320JXV (JEOL) to perform scanning electron microscopy (SEM; Figure 1A −E and Table 1 ).
Samples were prepared on a carbon tape then coated with Pt before being scanned. Acceleration voltages of 3.0 kV with a stage bias of 500 V were used. In all cases, particle size distributions were narrow, validating the monodisperse synthesis.
X-ray diffraction (XRD) was performed on a 'Pert Pro by PANalytical with Cu Kα radiation. For all crystal sizes, characteristic reflections from MFI were observed ( Figure 1F ) without indication of crystalline impurities, confirming the crystallinity and structure of silicalite-1. Nitrogen adsorption isotherms were obtained on an Autosorb iQ by Quantachrome. Samples were outgassed at 473 K until pressure changes were observed below 25 mTorr/min. Isotherms were collected at 77 K ( Figure 1G ) and shown to exhibit the large microporous regime typical of MFI for all particles. Micropore volumes calculated by the t-plot method were all in the range of 0.10−0.13 cm 3 /g, indicating the high expected range for purely MFI structured material.
2.1. Frequency Response Apparatus. The frequency response (FR) method was first established by Yasuda to investigate adsorption 36 then later diffusion of guest sorbates into porous materials. 37 In this method, the pressure response of a closed sorption chamber under periodic volume perturbations with different frequencies is recorded and fit to a theoretical adsorption−diffusion model. Because of the wide range of the perturbation frequencies available, the frequency response method is able to measure diffusion coefficients that span several orders of magnitude.
A schematic diagram of the frequency response apparatus is presented in Figure 2 and described in detail by Turner et al. 28 The analytical apparatus is composed of a servomotor (R), bellows pump, sample chamber (A), rapid differential pressure transducer (P), dosing manifold, vacuum system (V), and data acquisition system. The servomotor (R) is equipped with an integrated proportional−integral−derivative (PID) controller which allows control of the position and speed of the motor shaft in the range of 0.001−40 Hz. A bellows pump is placed between the motor (R) and the sorption chamber (A) and is used to drive the sinusoidal volume change. The sample chamber (A) is a 316 stainless 4-way cross with a supported stage and imbedded thermocouple. Copper sealed flanges are used to maintain high vacuum (10 −6 to 10 −8 Torr) inside the chamber. The total volume (neutral bellow displacement) of the camber is 584 cm 3 , while the bellows can displace ±2% of the total volume. The chamber is maintained at isothermal temperatures (set to 50 < T < 275°C) by performing PID control on three band heaters located around the entire chamber and allowing sufficient time for thermal equilibration. The sample size (bed thickness) is maintained sufficiently small such that no temperature or pressure gradients exist across the bed. The pressure transducer (P2) on the sorption chamber (A) is a MKS Baratron 10 Torr differential capacitance manometer. The transducer is fixed to the sorption chamber (A) and then referenced to a 150 cm 3 ballast (B). The ballast is housed in an isothermal water bath (T) to maintain constant reference pressure. The dosing manifold comprises a stainless steel four-way cross and a three-way tee with a total volume of 270 cm 3 . Two inlets (L1, L2) are fixed to the dosing manifold and allow for dosing of either a constant pressure gaseous adsorbate from the upper inlet (L1) or a known partial vapor pressure liquid adsorbate from the lower port (L2). The entire system is equipped with an ultrahigh vacuum pumping system (V) to allow for complete pump-down prior to dosing. The vacuum system (V) consists of a rotary rough pump and turbo-molecular pump which allows for evacuation to 10 −8 Torr.
Frequency Response Experiment.
Five monodisperse silicalite-1 samples of particles varying over three orders of magnitude in size were synthesized and characterized, 12 as summarized in Table 1 . Figure 1 shows the scanning electron micrographs, X-ray diffraction, and nitrogen adsorption isotherms for all silicalite-1 samples used in this study. Although all zeolite samples exhibited the "coffin" geometry, the three- Figure 2 . Schematic depicting the experimental frequency response apparatus for measuring diffusion in zeolites. A sinusoidal volume change is induced in the sample chamber, and the corresponding pressure response is fit to coupled particle−chamber mass balances.
dimensional nature of the MFI pore network makes a spherical geometry more representative for diffusion analysis in small particles, as has previously been shown. 12, 38 Prior to each run, zeolite samples (150 mg) were degassed inside the sorption chamber overnight at 373 K and 10 −8 Torr. The sorbate (cyclohexane, previously degassed by the "freeze− pump−thaw" method) was then introduced to the sorption chamber at a constant partial pressure through a leak valve, and the sorbate/sorbent system was allowed to reach equilibrium at the desired pressure. A sine-wave volume perturbation of 2% was then applied to the chamber, and an online data acquisition system recorded the transient pressure response from the pressure transducer. For larger zeolite samples (3 μm, 1 μm), a frequency range of 0.0025−10 Hz was scanned over 28 steps. For smaller zeolite samples (500 nm, 200 nm, 80 nm), a frequency range of 0.01−10 Hz was scanned over 23 steps.
The range of measurable particle sizes analyzed in the frequency response apparatus was considered to ensure measurable mass transport. The diffusional time constant must fall within the measurable transport time range such that the corner frequency (the peak of the out-of-phase function, described in section 3.0) is within the experimental frequency bounds (0.0025−10 Hz for the present system). For this reason, larger particles require the frequency range to be extended. Similarly, the range of diffusivities being examined are at relatively high temperatures compared to those used in previous study by ZLC to ensure operation in the proper regime. 12 For the diffusion-controlled case, the lower and upper limits of the particle size can be validated by substituting the frequency range and diffusion coefficient into f = D/R 2 . While this criteria is met for the large particle base case (D/R 2 ∼ 10
), the apparent transport time scale no longer scales with the particle size in small particles. Specifically, the transport limitations examined in this study shift the apparent diffusivity to lower values, causing the corner frequency to fall within experimental limits; thus, this criterion is achieved (Figure 3 ).
FREQUENCY RESPONSE THEORY
As presented in Figure 4 , several models have been proposed in the literature to describe mass transport between gases and solids. Each model describes the rate-limited transport phenomena that results in macroscopically observed mass transfer rates. In this study, experimental data were fit to three models: (i) a base model describing intracrystalline diffusion, (ii) Yasuda's surface resistance model which adds a surface adsorption−desorption limitation, and (iii) a new model which allows for an asymmetric surface barrier (model IV in Figure 4 ).
The first frequency response model was derived by Yasuda to study the adsorption−desorption of gas molecules onto nonporous metal oxide surfaces. 36 The derivation was based on the Taylor series expansion of the general adsorption− desorption rate equation (R j = R j,e + (∂R j /∂P)(P − P e ) + (∂R j / ∂A)(A − A e )) and the mass balance within the entire chamber. The kinetics of the adsorption−desorption steps are described by Langmuir kinetics as 33, 39 
Because the volume and pressure of the system are changing with time, the theoretical model was expressed in terms of real (inphase) and imaginary (out-of-phase) parts as shown below.
(2)
where the Langmuir adsorption and desorption rate constants are respectively defined as Figure 3 . Yasuda surface resistance model. The Yasuda surface resistance model fit was performed independently at each particle size and temperature. While the equilibrium constant and surface barrier parameter collapse for all particles, significant size-dependence is observed in the diffusion coefficient, indicating that the Langmuir resistance does not accurately capture the observed surface barriers here. 
R j is the adsorption rate of species j. A j is the amount of surface species j. The phase lag of the pressure response is represented by φ = φ z −φ b , where φ z and φ b are the phase lags measured with and without sorbent, respectively. The amplitude ratio of the volume displacement (v) is assessed in the absence of sorbent, and the pressure amplitude ratio (p) is observed with the sorbent in response to the volume change. 3.1. Model I: Base Case. The adsorption−desorption model was modified by Yasuda to investigate the diffusion process within zeolites (Figure 4 , model I). 40, 41 In this case, the rates of surface adsorption and desorption are assumed to be infinite, implying the overall process is controlled by intracrystalline diffusion. Analytical solutions of in-phase and out-of-phase are derived in the section C2 of the Supporting Information. The functions were derived by combining Fick's first and second laws (diffusion in the pores), Henry's law (equilibrium at the surface), and the overall mass balance in the chamber. For a diffusion process occurring within a spherical zeolite, the two characteristic functions for the in-phase (eq 6) and out-of-phase (eq 7) are as follows:
where
V S is the volume of the zeolite, V e the equilibrium volume of the chamber, and K H Henry's law constant. R is the particle radius, and D is the intracrystalline diffusion coefficient. 3.2. Model II: Yasuda Surface Resistance. Yasuda extended the base model to describe the case in which rates of adsorption and desorption on the surface are not infinite ( Figure  4 , model II). In this surface resistance model, the kinetic contribution to the rate exists in accordance with traditional Langmuir adsorption−desorption kinetics (eq 1) such that the time scale for adsorption−desorption may contribute significantly to the overall transport time. 40, 41 In this case, in-phase and out-of-phase functions are
where δ c and δ s and the in-phase and out-of-phase functions described for the base case, and
In eq 12, A represents the amount of species on the surface and C is that within the pores. From the definition of the Langmuir isotherm at the surface (eq 1), κ a is the sum of adsorption and desorption rate constants (κ a = k a P + k d ). The parameter aκ a physically represents the inverse time scale of surface resistance. The magnitude of the surface barrier effect can be inferred from the area to the right of the intersection between in-phase and outphase function curves. Mathematically, the magnitude of the cross area depends on the value of dimensionless number (λ), which characterizes the ratio of diffusion time scale to surface resistance time scale
3.3. Model IV: Teixeira−Qi (T-Q). The surface-barrier model derived by Yasuda assumes that the rates of mass transfer into and out of the surface are related to equilibrium by the Langmuir relationship (eq 1). While this model accurately describes the situation in which surface barriers arise from adsorption−desorption limitations, it does not describe the other mechanisms for surface barriers (pore narrowing, pore blockage). Ruthven previously removed the Langmuir constraint in lieu of a lumped symmetrical barrier at the surface for the desorption case (Figure 4 , model III). 42 However, the Ruthven model does not extend to the combined uptake and release system in which separate rates (asymmetric) into and out of the surface may be observed. Because of these limitations, a new surface-barrier model with two surface rate constants (forward and reverse) is derived to improve upon the previous surface restriction. In this model, the following assumptions are made:
1. Diffusion inside the zeolite is assumed to be Fickian. 2. The diffusion coefficient and surface rate parameters are solely functions of temperature and are independent of concentration (valid for dilute systems) and particle size. 3. Periodic volume perturbation is small (<2%). 4. The total surface concentration (C R ) is the sum of the outer surface concentration A and inner surface concentration B, both evaluated at r = R. The governing mass balance within a spherical zeolite particle can be expressed as
At the center of the zeolite, the symmetry boundary condition is
The boundary condition at the surface arises by balancing the internal flux (Fickian) with the flux through the surface. In this case, the flux at the surface is described as the sum of the rates into and out of the surface
where J s is the surface flux, k −s the rate constant associated with release from the surface, and k s the uptake rate constant. A is in equilibrium with the gas in accordance with Henry's Law. When assumptions 3 and 4 are applied, eq 16 becomes
This surface flux has to be balanced with the diffusion flux giving rise to the second boundary condition 
where K H = d(V s A)/dP is the local Henry's constant. The above boundary value problem can be further nondimensionalised as follows:
with boundary conditions,
where,
The above boundary value problem can be solved by using
Laplace transform and the resulting concentration profile is
where s is Laplace variable and tilde denotes a Laplace transformed variable. Next, consider the total mass balance within the entire chamber (gas phase + zeolite)
After substitution of eq 23 into eq 24, a numerical solution of frequency response can be obtained as 25) Similar to Yasuda's model, eq 25 can be expressed in terms of a real part (in-phase) and imaginary part (out-of-phase). The solution was solved numerically in Matlab and expressed as
Data fitting was performed using Matlab by performing a fourparameter least-squares optimization for parameters D, K, k s , and k −s . The optimization was performed simultaneously for all particle sizes at each temperature to minimize the square of the summed errors of the in-phase and out-of-phase frequency response data and model fits.
RESULTS
Pressure−volume response curves were obtained for the five particles described in Table 2 at four temperatures in the range of 423−513 K. Periodic, steady-state data were obtained for each particle size at frequencies ranging between 0.0025 and 10 Hz and were transformed to the in-phase and out-phase functions described by the left side of eqs 6 and 7, respectively ( Figure 5 , data points).
The base case (Figure 4 , model I) was first used to fit the experimental data. However, the base model poorly fit the data in small particles because of the cross of the in-phase and out-ofphase data. As is noted in the literature, poor fitting is indicative of a "surface barrier" or "surface resistance" near the zeolite surface, and a model accounting for surface limitations is required to accurately describe the mass transfer process. 28 Model parameter optimizations for Yasuda's surface resistance model (eqs 9−12, model II) and the T-Q surface resistance model (eqs 25−27, model IV) were performed using a lognormal least-squares optimization for the respective in-phase and out-of-phase functions, as shown in Figure S1 of the Supporting Information and Figure 5 , respectively. The Yasuda surface resistance model requires a three-parameter fit (D, κ a , K) to determine the intracrystalline diffusion constant, Langmuir rate constant, and the equilibrium constant between surface adsorbed species and bulk gas phase species. In the case of the T-Q model, the surface limitation is captured by the two parameters, k s and k −s , which represent the forward and reverse mass transfer rates at the zeolite surface, respectively. In both cases, characteristic mass transfer time scales are observed as the corner frequencies of the out-of-phase function, represented by the peaks in the data of Figure 5 . As temperature increases, peaks are observed to shift to higher frequencies (right), indicating faster overall transport rates. Similarly, as particle sizes decreases, a corresponding shift is observed to higher frequencies, again indicating a transition to faster transport rates as is typical for diffusion-controlled processes. Data for the large particles are characteristic of intracrystalline diffusion-controlled systems, where the in-phase and out-of-phase data do not cross; the single corner frequency occurs at a frequency characteristic of the diffusional time constant. Also, for large particles, the base model fit (model I) exhibits fitting parameters similar to those obtained by the Yasuda surface resistance model (model II). For small particles, however, the overlap between the two characteristic functions becomes significant, indicating an increasing transition to surface-controlled mass transfer limitations.
By introducing a rate limitation at the surface, both the Yasuda surface resistance and T-Q models fit the raw experimental data well, as observed in Figure 5 and Figure S1 of the Supporting Information. Fitting parameters for the Yasuda surface resistance and T-Q model are summarized in Table 3 . For both model fits, the equilibrium constant obtained from fitting (K) is associated with Henry's constant by eq 8. The equilibrium constant was activated in accordance with the van't Hoff relationship
where ΔH s ads is the heat of adsorption associated with cyclohexane reversibly adsorbing or desorbing from the outer zeolite surface. The heat of adsorption to the outer surface of the zeolite is shown here to be ΔH s ads = 45.8 ± 11.4 kJ/mol. As expected, this parameter is independent of particle size and is a function of only temperature and the equilibrium pressure.
For model II (Yasuda surface resistance), the apparent diffusivity (D app ) is a strong function of particle size, as shown in Figure 3 . The data exhibit an Arrhenius relationship for diffusion for each particle with constant activation energy. However, the pre-exponential is observed to decrease drastically with decreasing particle size, indicating that a second, sizedependent phenomenon becomes rate relevant in small particles. Dependence of the apparent diffusion coefficient with particle size is explored in greater detail in the section 5.0.
The T-Q model accounts for both gas−surface equilibrium and surface resistance, and the transport time scales for intracrystalline diffusion are extracted and plotted versus inverse temperature. Measured values of diffusivity collapse for all zeolite particles, indicating intracrystalline diffusion is independent of particle size, as is physically expected. Both constants describing the rate through the surface (k s and k −s ) and apparent diffusivity are temperature-activated in accordance with an Arrhenius relationship, as shown below. 
where E a , E a,s , and E a,−s are the activation energies for diffusion, uptake, and release from the exterior/interior surface, respectively. If all silicalite-1 particles are assumed to share the same surface and bulk structures, all respective activation 
Does not account for size dependence.
adsorption−desorption (Yasuda surface resistance) Time scale associated with adsorption−desorption to the outer surface from the gas phase is slow relative to internal diffusion.
21, 28, 44
Does account for size dependence. Surface parameters do not scale properly.
pore narrowing Surface pores are narrowed or partially obstructed causing an energetic barrier to penetrate the surface.
12, 56, 57 
− Does account for size dependence and asymmetric surface barriers with energetics described by intracrystalline diffusion barriers and adsorption enthalpies.
The Journal of Physical Chemistry C 
DISCUSSION
Three models were independently evaluated to describe the volume−pressure frequency response data for cyclohexane in silicalite-1. The base case (model I), has been widely used to describe diffusion-controlled mass transport in microporous materials. This model arises from solving the one-dimensional spherical transient diffusion system with a sinusoidal boundary condition describing the equilibrated surface concentration (Henry's Law). As equilibrium is always assumed at the surface in this model, the externally observed pressure response is dependent on the equilibrium constant, diffusivity, and particle size only. The base model works well to describe systems in which diffusion within the bulk of the crystal is rate-dominating and all other rate limitations (adsorption−desorption, external boundary layers, surface defects, internal grain boundaries, etc.) are negligible. These criteria often hold true for slow-diffusing molecules and for large particles (D/R 2 < 10 −3 s −1 ). Experimentally, deviation from the base case is directly observed by a cross in the in-phase and out-of-phase function and data. In the work presented in this study, as with other cases in the literature, 28 ,44 the base case was not able to describe the cyclohexane−silicalite-1 system for small particles. For this reason, other models were considered that describe series transport processes.
In the case of a surface limitation, macroscopic transport observed experimentally is described by two series processes: Fickian diffusion in the micropores and transport at or through the surface. In the case in which the time scale for the surface transport is sufficiently small (τ s ≪ τ D ), surface transport is not rate-limiting and experimentally characterized mass transfer collapses to the base case. However, if there exists a transport limitation at the surface with a time scale on the order of or higher than the diffusional time scale, then the limitation must be mathematically described to fit the experimental data. The frequency response model for the base case can then be modified replacing the assumption of equilibrium at the particle surface in lieu of a kinetic boundary condition.
The mostly widely used model to describe frequency response mass transfer data containing surface limitations, or "surface barriers", is described by Yasuda. 44 In this model, the kinetic rate limitation through the surface is assumed to arise from the rate of adsorption−desorption. Langmuirian kinetics (eq 1) are assumed to describe the competitive rates of adsorption and desorption, resulting in a modified boundary condition and solution to the in-phase and out-of-phase curves. Unlike the base model, the Yasuda model was able to fit the experimental response curves ( Figure S1 in the Supporting Information) by introducing the additional fitting parameter κ −A . The in-phase and out-of-phase data can then be fit by f(D, K, κ −A ) where the three parameters represent the bulk diffusivity, the equilibrium constant (ratio of adsorption−desorption rate constants), and lumped Langmuir parameter (function of the adsorption− desorption constants). Alternatively, this can be evaluated in terms of more familiar parameters such that the data can be fit as f (D, k a , k d ) , where the response is now a function of the Langmuir rate parameters for adsorption and desorption described by eq 1. The fitting parameters extracted from Figure S1 in the Supporting Information are represented in Table 2 . Whereas the introduction of a rate limitation at the surface was able to fit the raw data obtained from frequency response, the extracted parameters do not accurately describe the physical system; the diffusion coefficients demonstrate strong particle size depend- ence, which is inconsistent with Fick's law for configurational diffusion through microporous channels. Identical molecule− pore combinations should exhibit identical bulk diffusion coefficients regardless of particle size.
The Teixeira−Qi model was developed to introduce an asymmetric surface barrier that removes the constraint relating the adsorption and desorption rate constants to a Langmuir relationship (K eq = k a /k d ). Similar to the previous case, this model utilizes a boundary condition arising from the balance of the diffusive flux and the flux through the surface. While equilibrium is still assumed between the gas phase and the external surface (similar to the base and Yasuda surface resistance cases), the kinetic steps of permeating into and out of the surface independently contribute to the overall transport time scales. As shown in Figure 5 , the T-Q model fit to the raw frequency response data is similar to that of the Yasuda surface resistance model described earlier. The crossing of the in-phase and out-ofphase curves is well-captured, and the fitting parameters are summarized in Figure 6 and Table 2 . However, a single set of temperature-activated fitting parameters is able to accurately describe cyclohexane transport in all particles across multiple orders of magnitude in size. The diffusivity parameter collapses onto a single curve which obeys the Arrhenius relationship for diffusion (eq 29). The additional two parameters represent the rate constants for penetrating into and out of the surface (k s , k −s ), each of which is temperature-activated in a similar manner (eq 29). The rate entering into the pores was observed to be up to an order of magnitude higher than that observed describing the release from the pores, which is consistent with interference microscopy studies performed during both uptake and desorption of large particles, in which the transport through the surface was observed to be an order of magnitude faster during uptake. 45 5.1. Temperature Activation. Literature-reported values for diffusion of cyclohexane in silicalite-1 often report similar activation energies (30−60 kJ/mol), 4,12,14,46−49 despite orders of magnitude differences in diffusivity. The activated step in all these cases is claimed to be intracrystalline diffusion of cyclohexane within microporous MFI channels. Figure 7 depicts the energies associated with the series processes of intracrystalline diffusion, transport through the surface and adsorption− desorption to the gas phase. The two surface parameters exhibited different activation energies, indicating the asymmetric nature of the surface barrier. The parameter for uptake into the surface exhibited an activation energy of E a,s = 20.8 ± 2.5 kJ/mol, whereas exiting the surface was activated similar to that of diffusion, E a,−s = 54.1 ± 2.4 kJ/mol. In this work, an intracrystalline activation energy of 53.9 ± 5.0 kJ/mol was observed, which is consistent with previously reported values. The equilibrium constant was also activated in accordance with the van't Hoff relationship (eq 28). In this study, the heat of adsorption to the surface (ΔH s ads ) was observed as 45.8 ± 11.4 kJ/ mol.
Kinetics of cyclohexane transport from inside the particle to the gas phase are thermodynamically consistent with the heat of adsorption of cyclohexane. As shown in Figure 7 , the heat of adsorption of cyclohexane in silicalite-1 should be related to the surface release activation energy (E a,−s ), surface uptake activation energy (E a,s ), and the heat of adsorption to the surface ( 
The sum of the three energy barriers when added by eq 30 equals 79.1 ± 16.3 kJ/mol, which is inclusive of values of the heat of adsorption of cyclohexane in silicalite-1 when accounting for experimental error. Previous studies have measured the heat of adsorption into large silicalite-1 particles to be 63.2 kJ/mol 43 and 70 kJ/mol. 50 Close agreement by eq 30 between measured kinetics and independently measured heat of adsorption provides strong support for the validity of the T-Q model.
5.2. Transport Barriers. Barriers to intracrystalline diffusion have been proposed in numerous forms ranging from the intergrowths, internal grain boundaries, and pore saturation to kinetically limited adsorption−desorption, surface pore narrowing, and surface pore blockages. Surface barriers and their potential applications to the microporous materials examined in this study are explored here and summarized in Table 3 .
5.2.1. Internal Barriers. Intrinsic internal barriers are proposed to exist resulting from particle synthesis during crystal growth of MFI-structured zeolites. 51, 52 Silicalite-1 is not a single crystal but rather is composed of several subcrystals whose interface presents an internal grain boundary with pore misalignments as small as 0.5−2°. 19 Additionally, both intergrowths and internal defects are possible within single particles. While such internal barriers are present and likely contribute to the macroscopically observed rate, they are not thought to lead to the drastic size-dependent inhibition observed in these experiments and others.
12 Figure 7 . Zeolite mass transport with surface pore blockages. (A) Energy diagram for intracrystalline bulk diffusion (E a , τ D ), surface heat of adsorption (ΔH s ads ), uptake surface barrier (E a,s , τ s ), release surface barrier (E a,−s , τ −S ), and heat of adsorption (ΔH ads ). (B) During uptake (blue), surface pore blockages cause a molecule to adsorb and undergo surface diffusion until finally locating and entering into an open pore. During the release from the zeolite (red), a molecule diffuses to the surface after which it must continue to diffuse within the lattice until locating and exiting an open pore.
Surface Barriers:
Energetic. An activation barrier exists for a molecule being transported from a bulk gas to the inner surface of a zeolite prior to entering the purely intracrystalline transport domain. During uptake, a molecule travels in the gas phase to the particle, adsorbs to the outer surface, reorients, and enters into a pore. Though usually considered fast (surface permeability ∼10 −5 −10 −7 cm/s) 45 when compared to configurational diffusion (<10 −6 cm 2 /s), 53 it can present a possible rate limitation for small particles. As concentrations are dilute, no substantial boundary layer is expected, making the first possible rate limitation associated with the adsorption and desorption of a molecule from the gas phase in close proximity to the outer solid surface. For zeolite systems, this rate is captured by the Langmuir relationship, where τ s = 1/(k a P)+1/k d . In the case of this study, typical values of this time constant range from 10 0 to 10 2 s, which is shorter than the smallest diffusional time (τ D > 10 2 s), again validating the assumption of equilibrium between the surface and the gas phase.
The final step is associated with both enthalpic and entropic molecular confinement at or near the pore surface. The enthalpic contribution to the rate of pore entering is associated with the guest molecule (cyclohexane; critical diameter, 6.0−6.9 Å; kinetic diameter, 5.7 Å) 43 undergoing a high-energy transition to enter within the micropores of silicalite-1 (∼5.5 Å). 54 The entropic contribution of molecules entering pores, which is thought to apply during uptake, can potentially lead to a decrease in the pre-exponential for diffusion as described by Ford et al. 55 and the relationship
Molecular rearrangement is expected to reduce the preexponential for diffusion during the uptake process, as no such rearrangement is needed upon release. Additionally, the temperature contribution to the diffusion coefficient from the pre-exponential is not dominant when compared to the enthalpic effect (exp(−E a /(RT))); therefore, the observed temperature dependence should remain attributed to intracrystalline diffusion. In this work, it is shown that the activation energy to enter the pores (E a,s = 20.8 kJ/mol) is substantially less than that of intracrystalline diffusivity (E a = 53.9 kJ/mol), indicating that the mechanism for pore blockage during uptake is likely not due to molecular rearrangement. Enthalpic barriers during uptake are possible in the case of surface pore narrowing (i.e., structural changes to pores at the surface). 56, 57 In this case, deviation from the MFI structure at the surface could result in a higher energy barrier through a surface defect (E a,s > E a ). However, previous experimental work studying the desorption process (ZLC) has demonstrated that no significant difference in activation energies was observed between particles exhibiting surface barrier transport control (small particles) and those exhibiting purely intracrystalline diffusion control (large particles). 12 This result is again affirmed here, where the activation energy for the intracrystalline diffusivity is comparable to the rate constant describing release from the surface (E −s = 54.1 kJ/mol ∼ E a = 53.9 kJ/mol) and less than that into the surface (E s = 20.8 kJ/mol < E a = 53.9 kJ/mol). For these reasons, it is concluded that the elementary step governing release of molecules from the intracrystalline domain to the bulk gas at the surface is likely similar to the mechanism of mass transfer by intracrystalline diffusion (and different from the mechanism describing entering into the surface).
5.2.3. Surface Barriers: Structural. Simply put, surface pore blockages can be present when surface defects block the entrance to micropores such that diffusing guest molecules cannot enter or exit. In this case, the flux into a surface is controlled by adsorption, surface diffusion to an open pore, and entering into the pore. Flux out of a particle through a surface is controlled by intracrystalline diffusion until a molecule reaches an open pore at the surface. The former is observed to be rate-controlling in guest uptake, while the latter is observed during release. By using the frequency response technique with the T-Q model, the two processes are decoupled at the surface and the kinetic constants and activation energies are determined. As depicted in Figure 7 , molecules diffusing out of the pores encounter an additional diffusional path length (δ) which presents as a slower macroscopically observed transport rate (τ = R 2 /D + δ 2 /D). The additional length does not, however, affect the activation energy because the mechanism of transport remains the same. In the uptake case, the observed transport time scale is associated with a molecule adsorbing to the external surface, diffusing to an open pore, and entering the pore.
The exact nature or structural contribution of surface pore blockages is difficult to elucidate experimentally. This challenge arises from an inability to fully characterize surface termination of the crystalline structure which results from crystal growth. The manifestation of surface blockages could arise from several types of structural defects. First, large areas of uncoordinated lattice or amorphous silica may exist in patches on the surface such that entire regions are blocked, causing patches of surface barriers. Alternatively, pore blockages could be distributed across the particle surface by surface-terminated configurations that block pores or obstruct molecules from exiting a pore at the surface.
The presence of surface defects resulting from amorphous or unaligned islands on the surface has been discussed in literature in varying contexts (defects, terraces, islands, nanoparticle aggregation, growth mechanism). 35,58−62 Such defects are shown to arise in some cases from interpenetrating dangling silanol bonds causing terraces at the surface. 35 However, these features constitute a relatively small fraction of total surface pores, and pore blockages across a wider area must be considered. 63 The work of Karger and co-workers has described the presence of physical surface pore blockages as a possible mechanism for describing this surface resistance to diffusion in microporous materials. 23,45,63−65 In MFI, it was proposed that most of the surface pores exhibit blockages, with only a very small fraction allowing transport through the surface. 45 Such blockages are proposed to be surface structure dependent; thus, the fraction of blocked pores is expected to remain constant irrespective of particle size. Furthermore, a comparison of transport rates across "cracks" in the bulk portion of a zeolite (fully open pores) versus the outer surface pores reveals slower transport across the assynthesized surface. 58 Surface etching has been shown to have no effect on these more prominent barriers. 58 The observed hindered surface permeability is consistent with the theory that pore blockages arise from random surface terminations and amorphous blockages, where the outermost pores differ structurally from the bulk. 66 With current imaging techniques, however, surface terminations are difficult to visualize experimentally, and the presence of subnanometer defects at the surface is not commonly characterized. Experimental techniques including atomic force microscopy (AFM), 35, 59, 67 scanning electron microscopy (SEM), 60 and highresolution transmission electron microscopy (HRTEM) 59, 67, 68 The Journal of Physical Chemistry C have been used to resolve the postsynthesis surface structure of zeolites, with the best resolution being on the order of several angstroms. While large facets including crystal faces, steps, islands, and grain boundaries are observed on the order of nanometers, surface termination, pore openings, and small defects leading to blockage are considerably more difficult to capture. Existing experimental techniques are unable to definitively describe surface termination and pore blockages on the surface of zeolites. 69 This level of description requires resolution of 1 Å or less to observe the small pore size of the 10-member MFI rings (5.6 Å). Additionally, it has also been proposed that the use of TEM and STEM to examine the surface of crystals for pore blockage or restrictions will provide an artificially clean appearing surface because of the ability of the technique to penetrate the surface. 60 Theoretical studies have attempted to describe the growth and surface termination of zeolites. The structure of the pores at the surface is believed to be a direct result of the final growth termination steps during particle synthesis. Recent work by Lupelescu and Rimer has utilized in situ AFM to examine the layered growth mechanism and confirm the initial deposition of silica nanoparticles followed by directed rearrangement of the amorphous silica to the MFI structure. 61 The resulting surface represents a thermodynamically stable termination of the dangling Si−O bonds. The pores at the surface are modeled computationally using free energy surface minimization techniques, allowing for the prediction of surface termination structures. 70, 71 In MFI, FTIR microscopy on the surface of silicalite-1 has been used to explore the defect density and determine that locally spaced silanol groups are likely hydrogen bonded. 35 This bridging across so-called "defects" may lead to pore blockages. At this point, a significant gap exists in the literature with respect to both direct experimental visualization and indirect theoretical calculations of surface pore blockages in zeolites.
5.3. Implications for Hierarchical Materials. Moving forward, surface barriers will have profound impact on the use of zeolites in hierarchical materials in which the diffusional length scales are drastically decreased with the introduction of mesopores. In such materials, groups are able to synthesize microporous materials with length scales on the order of a single lattice cell (∼2 nm, MFI). 4, 11 While from a practical standpoint these materials are observed to exhibit substantially improved mass transport properties when compared to those of traditional large particle zeolites, significant limitations have been shown to still exist. 4 By extracting the measured time constants for the series transport steps described in this work, a relationship is constructed relating the time scale associated with penetrating the surface barrier to that of the bulk particle. Figure 8 shows the experimental values for the cyclohexane−silicalite-1 system at several temperatures and particle sizes. As particle size decreases, a linear relationship is observed versus particle size, as expected by an intracrystalline diffusion-controlled system where the time constant scales with the square of particle size. Plotted at smaller particle sizes, however, are calculated time constants for the hierarchical particles (3DOm-i and SPP). These materials tend toward a purely surface-controlled case which has been shown to be rate-dominating in these small particles. While the establishment of the asymmetric structural surface barrier described in this work moves toward understanding the transport limitations at the surface of zeolites, further understanding is needed to elucidate the cause and means of removal of such barriers, thus allowing mesoporous materials to achieve their full potential.
CONCLUSIONS
For the first time, surface barriers in silicalite-1 are characterized experimentally to exhibit asymmetric kinetic and energy dependences, whereby separate mechanisms are rate-controlling for entering and exiting surface pores. Using the frequency response technique, surface barriers are shown to become rate relevant and eventually dominate mass transport into and out of small silicalite-1 particles (<100 nm). Mechanistic insight is provided showing the uptake step exhibits a low activation barrier, whereas both intracrystalline diffusion and surface release steps exhibit the same activation energies. Structural blockages at the surface of most pores are proposed to describe the observed surface limitation. Despite kinetic characterization of surface limitations, conclusive evidence of surface pore blockages has yet to resolve the surface of MFI to determine the distribution of surface termination structures to quantify the extent of structural pore blockages.
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